The phytopathogenic bacterium Agrobacterium tumefaciens is unique in that it possesses both linear and circular DNA chromosomes in addition to a plant-tumor-inducing (Ti) plasmid. We analyzed the two chromosomal DNA molecules in strain MAFF301001, whose Ti plasmid has already been sequenced completely. Physical maps of the chromosomal DNAs were constructed by Southern hybridization experiments using Pme I and Swa I fragments and short fragments bridging the Swa I fragments with special care to avoid any missing fragment. Hybridization with 16S rDNA probe showed one rDNA locus on the linear chromosome and two loci on the circular chromosome. For this bacterium to be pathogenic, not only Ti plasmid but also chromosomal genes are required. The chromosomal virulence (chv) genes (chvA, chvB, chvD, chvE, chvG, chvH, and chvI) and the chromosomal genes affecting the virulence [acvB, pgm(exoC), glgP, miaA, and ros] were successfully mapped onto 5 different regions in the chromosomal physical maps. These chv genes and the chromosomal genes affecting the virulence other than pgm and glgP were found on the circular chromosome, whereas the pgm and glgP genes were located on the linear chromosome. In contrast to the large terminal inverted repeats of Streptomyces linear chromosomal DNA, no hybridization signal was detected between left and right terminal fragments of the linear A. tumefaciens chromosome. Quantitative analysis of DNA fragments indicated that the copy numbers of the two chromosomal DNAs and the Ti plasmid are identical.
Introduction
Until recently, the conventional belief was that bacterial genomes consisted of a single circular DNA. Recently, however, other genomic organizations have been reported. Several bacteria possess two chromosomes; genomes comprised of two circular chromosomal DNAs were found in Rhodobactor spheroides, 1 Vibrio cholerae, 2, 3 Pseudomonas cepacia, 4 Rhizobium, several groups of Agrobacterium, 5 and Brucella melitensis. [Vol. 8, lar DNAs. 13 Allardet-Servent et al. 13 and Juma-Bilak et al.
14 reported 3-Mbp circular genomic and 2.1-Mbp linear genomic DNAs in A. tumefaciens C58.
Recently, Goodner et al. presented rough physical maps for both types of genomic DNAs in a strain derived from C58, though their maps are missing five restriction fragments. 15 A. tumefaciens is the causative agent of the crown gall tumor disease in dicot plants. Most reports about genes involved in infection have focused on tumor inducing (Ti) plasmids of 180-240 kbp circular dsDNA. We completely determined the nucleotide sequence of a nopaline type Ti plasmid pTi-SAKURA. 16 This is the first and still only Ti plasmid sequenced completely, although Zhu et al. recently presented a summarized sequence as a virtual octopine type Ti plasmid by assembling nucleotide sequences of several octopine type Ti plasmids. 17 These data provide useful information regarding the pathogenicity of this bacterium. The pathogenesis genes on Ti plasmids are called virulence (vir) genes, which form a single large cluster on Ti plasmids (see Ref. 18 for a review). Some genes essential for pathogenesis, called chromosomal virulence (chv) genes and chromosomal genes affecting virulence, do not exist on Ti plasmid (see Ref. 19 for example). These genes have only been localized in a few cases. Although some of the genes were mapped onto a circular chromosome, 20, 21 the location of the other genes was concluded to be chromosomal based solely on hybridization data to a fraction of genomic DNA containing chromosomal DNA in standard agarose gel electrophoresis. However, it was clear in most cases that those genes do not belong to Ti plasmids.
Here, we constructed the first complete physical maps of circular and linear chromosomal DNAs in A. tumefaciens. Subsequently, 12 chromosomal genes that affect virulence were assigned to the maps. In addition, genome characteristics including copy number and homology between chromosomal terminals were analyzed based on the physical maps, hybridization data and electropherograms.
Materials and Methods

Bacterial strains and growth conditions
A. tumefaciens MAFF301001 16, 22 was used throughout this study. Cells were grown in a shaking incubator using Luria-Bertani (LB) medium (1% Difco Bacto-trypton, 0.5% Difco Bacto-yeast extract, and 0.5% NaCl). 23 Escherichia coli SURE and XL1-Blue were used for manipulation of recombinant plasmid DNAs as described in Suzuki et al. 22, 24 and Nishikawa et al.
25,26
2.2. Genomic DNA preparation and restriction enzyme digestion Total genomic DNA was prepared in two ways from cells grown until mid-stationary stage in LB medium.
Total genomic DNA was extracted by a liquid lysate method. Bacterial cells grown in 100 ml medium were washed with 10 mM Tris HCl (pH 7.5)/25 mM EDTA, then suspended with 20 ml of the same buffer. After the addition of hen egg lysozyme, the suspension was kept at room temperature for 15 to 30 min. The resulting spheroplast suspension was mixed with 200 µl proteinase K (10 mg/ml) and 2 ml 10% SDS, then incubated at 50
• C for 1 hr. The lysate was treated twice with phenol/chloroform. DNA fibers were spooled out to a glass rod by mixing the lysate gently with ethanol, rinsed with 70% ethanol, dried in vacuo, and finally redissolved in TE buffer containing RNase A.
Intact total genomic DNA was simultaneously prepared in agarose plugs as described by Smith and Cantor. 27 For digestion of embedded DNA, 10-to 20-µl segments of the agarose plug containing intact DNA were equilibrated with Sw/Pm buffer (0.1 mg/ml BSA, 25 mM Tris HCl, 10 mM Tris-acetate, 5 mM MgCl 2 , 5 mM Mg-acetate, 50 mM NaCl, 25 mM K-acetate [pH 7.9]) by incubation at 37
• C for 1 hr. The segments were then shaken in the same buffer containing 2.5 units of Pme I and/or 10 units of Swa I restriction enzymes (New England Biolabs) at 28
• C for 14 hr. Conventional high-salt buffer recommended for the Pme I enzyme reaction was not used for digestion of DNA in agarose, because incubation of the DNA in the high-salt buffer with Pme I tends to lead to smeared banding patterns probably due to the star activity. After enzyme digestion, the gel segment was incubated in DNA loading buffer (0.1% SDS, 0.01% BPB, 0.5 × TBE).
PCR amplification
Polymerase chain reaction (PCR) was performed using commercially available kits, Elongase enzyme mix (Bethesda Research Lab.) and Expand long template PCR system (Roche-Boehringer). Fragments of chromosomal genes other than pgm were prepared by PCR amplification with total genomic DNA from MAFF301001 strain as template DNA and the following primer sets: GTCGACCGCTACAACGAATT and TATCTG-GCTGTTCCTGACCG for chvD; 28 34 was prepared by PCR amplification using total genomic DNA extracted from strain C58C1 as a template DNA and a primer set ATGATCAAGACTATCAAG and TCAGGTAAT-GACAGTCGG.
Pulsed-field gel electrophoresis
Intact DNA and DNA fragments after enzyme digestion were analyzed by pulsed-field gel electrophoresis (PFGE). PFGE was carried out using Pulsarphore (LKB-Pharmacia) equipped with a contour clamped homogenous electric field (CHEF) electrode at 200 V at 14
• C with a 70-sec pulse time in 1% agarose in 0.5 × TBE buffer. For better separation of longer and shorter fragments, the pulse time was modulated according to their length. λDNA concatemers (Mid-range PFG marker, New England Biolabs) and Saccharomyces cerevisiae chromosomal DNAs (New England BioLabs) were used as size markers.
DNA hybridization
Southern blots were prepared using Hybond N nylon membranes (Amersham). Blotting was carried out using a vacuum blotting device (Biocraft, Tokyo) with 0.25 N HCl for 10 min depurination reaction, then with 0.2 N NaOH for denaturation and transfer for 40 min. Probes were labeled with [α-
32 P]dCTP using the random primer technique following the manufacturer's instruction (Takara Shuzo). Nucleic acid hybridization was done using a hybridization cocktail [5 × SSC, 0.1% Na lauroyl sarcosinate, 0.02% SDS, 1% Blocking reagent (Roche-Boehringer)] at 60
• C for 15 hr. Membranes were washed two times with 0.5×SSC/0.1% SDS at room temperature for 10 min, then rinsed with 0.1 × SSC/0.1% SDS and finally washed with the same buffer at 65
• C for 30 min.
Plasmids and DNA cloning
pUC119-chvA (serial No.B-162), pUC18-acvB (B-138), and pBS-chvB (B-191) were provided by Prof. M. Kojima (Shinshu University, Japan). The plasmids were cut with restriction enzymes, then a 2-kbp BamHI-Pst I fragment (chvA), a 1.7-kbp HindIII fragment (acvB) and a 1.6-kbp Sma I-Pst I fragment (chvB) were taken for probe preparation.
A new cloning vector pUCS19 was used for cloning short Swa I fragments. pUC19 harbors a Swa I cutting site in its multiple cloning site. This vector was prepared as follows. A dsDNA containing a Swa I cutting site between Sma I and EcoRI sites was produced by a PCR reaction using pUC19 as a template DNA and using a primer containing a Swa I recognition sequence within the Sma I and EcoRI sites (CCCCCGGGATTTAAAT-GAGGTACCGAGCTCGAATTCAC) and a universal lacZ primer M13FW21 (CCAGGGTTTTCCCAGT-CACGA). The resulting PCR fragment was digested with Sma I and EcoRI, and then ligated with dephosphorylated Sma I-EcoRI digested pUC19 to produce pUCS19 plasmid.
Junction DNA segments containing two neighboring ends of two chromosomal Swa I fragments were cloned in pUCS19 following the principle shown by Takami et al.
35
EcoRI-cleaved total genomic DNA was self-ligated, then digested with Swa I in order to form short DNA fragments with the Swa I blunt end sequence at both ends. The resulting DNA fragments were ligated with dephosphorylated Swa I-cleaved pUCS19. E. coli was transformed with the ligated DNA, and plated on LB agar containing ampicillin (50 µg/ml). Recombinant plasmids containing a Swa I fragment with an EcoRI cutting site inside it were screened among the transformants.
Miscellaneous
Autoradiographic detection was performed using imaging plates BAS-III (Fuji Photo Film) with image analyzers BAS2000 (Fuji Photo Film) and STORM (Amersham-Pharmacia) according to manufacturers' instructions.
Comparison of DNA quantities between fragments in gel was carried out as follows. Fluorescent images of an ethidium bromide-stained gel were taken using a FASII trans-illuminator and digital camera system (Toyobo, Osaka). Signal intensities of DNA fragments in a gel slot were measured from the digital image and compared using the NIH Image program on a Macintosh computer. Data from each lane were normalized by a value of a single fragment. Averages of multiple normalized data were calculated.
Other general techniques of DNA manipulation were essentially as described by Suzuki et al. 24 and Maniatis et al. 36 
Results
PFGE profiles of macro-restriction fragments
Intact genomic DNA of A. tumefaciens MAFF301001 was subjected to CHEF electrophoresis with a pulse time of 120 sec. In the separation gel, a single thick DNA band was observed at around 2 Mbp, as shown in Fig. 1A . This DNA appears to be a linear chromosomal DNA similar to that shown in A. tumefaciens C58 strain. 13 When the intact genomic DNA was subjected to electrophoretic conditions with a pulse time of 70 sec or shorter, the linear DNA behaved as a much shorter DNA (see the undigested lane in Fig. 1B and lane 4 in Fig. 2 ).
Digestion of intact genomic DNA by a rare cutter enzyme Pme I generated a total of nine fragments ranging from 25 kbp to 1600 kbp, while digestion by a rare cutter enzyme Swa I produced a total of ten fragments Table 1 . Conventional gel electrophoresis of a larger amount of DNA digested with Swa I revealed an 11th Swa I fragment (3 kbp in size, Fig. 1D ). No other small fragment longer than 1 kbp was detected. Fragments produced by Swa I and Pme I digestion of intact genomic DNA as well as fragments produced by double digestion were assigned terms following the order of their length as listed in Table 1 . As a result, the total size of the whole genomic DNA including pTi-SAKURA was calculated to be 5000 kbp.
3.2. Assignment of macro-restriction fragments to genomic DNA molecules Gel segments containing the linear DNA were cut out and treated with Pme I and/or Swa I. Digestion of the isolated DNA by Pme I generated six fragments, while digestion by Swa I produced four fragments (Fig. 1B, right panel). Each fragment from the isolated linear DNA corresponded to one of the fragments made of the total intact genomic DNA. These were Pme I fragments Pme I-#3, #4, #5, #7, #8, and #9, and Swa I fragments Swa I-#2, #3, #4, and #10. Southern hybridization of the intact and cleaved total DNAs against the isolated linear DNA as a probe ( Fig. 2A) showed clear signals on the same fragments, except Pme I-#9, with those generated by enzyme digestion of the isolated linear DNA. The absence of signal on the Pme I-#9 fragment is probably due to the small proportion of Pme I-#9 in the linear DNA. This problem was solved by a hybridization experiment with the Pme I-#9 fragment as a probe. As shown in Fig. 2B , the probe detected the linear DNA and the Swa I-#3 fragment, which is located on the linear DNA, in addition to Pme I-#9 fragment itself. These results indicate that Pme I-#3, #4, #5, #7, #8, and #9 and Swa I-#2, #3, #4, and #10 constitute the linear DNA. As a result, the size of the linear DNA was calcu- Table 1 . List of DNA fragments formed by digestion of total genomic DNA with Pme I and Swa I enzymes.
Fragment No., size (kbp) and origin* Pme I Swa I Pme I + Swa I  Fragment  #1  1600  C  #1  1100  C  #1  580  C  #2  1200  C  #2  680  L  #2  520  C  #3  800  L  #3  610  L  #3  500  L  #4  540  L  #4  560  L  #4  480  C  #5  360  L  #5  500  C  #5  390  C  #6  206  Ti  #6  480  C  #6  370  L  #7  190  L  #7  390  C  #7  320  L  #8  60  L  #8  310  C  #8  310  L  310  C  #9  25  L  #9  203 Ti  #9  260  C  #10  190  L  #10 230  C  #11  3  Ti  #11 * Fragments derived from the circular chromosome (C), the linear chromosome (L) and pTi-SAKURA (Ti). ** At pulse time of 70 sec and 40 sec, the linear chromosomal DNA migrated faster than several shorter DNAs of the molecular size marker and fragments of chromosomal DNAs. However, this size is consistent with that estimated using the mobility datum at the condition with 120 sec pulse time. Furthermore, the physical map supports this datum.
lated to be 2000 kbp (Table 1 ). This size is consistent with that estimated for the intact linear DNA which was separated with a pulse time of 120 sec as shown above in Fig. 1A .
Remaining fragments other than those from the linear DNA appear to be attributed to circular DNAs, because large circular DNA molecules can not enter into separation gel in PFGE.
13,14,37 As described above, MAFF301001 strain harbors the Ti plasmid pTi-SAKURA, the sequencing of which has been completed. 16, 22 By computer search for restriction enzyme sites on the plasmid, we found one Pme I and two Swa I sites on the plasmid. Pme I digestion and Swa I digestion should form one fragment (206,479 bp) and two fragments (203,301 bp and 3,178 bp), respectively. These data together with a Southern hybridization experiment using pTi-SAKURA as a probe (data not shown) indicated that Pme I-#6 is attributed to a linearized pTi-SAKURA and Swa I-#9 is attributed to the longer fragment of the plasmid, while Swa I-#11 is attributed to the shorter fragment of the plasmid. On the other hand, fragments Pme I-#1 and #2, as well as Swa I-#1, #5, #6, #7, and #8, are the constituents of the circular chromosomal DNA molecule as described below. The circular DNA was calculated to be 2800 kbp in size (Table 1) .
Construction of physical maps
To construct physical maps of the linear and circular DNAs, individual macro fragments were isolated from each CHEF gel band and were used as probes for Southern hybridization of macro fragment blots. Linkages between fragments were revealed by overlapping fragments (for example, see Fig. 2B ) and further examination of fragment sizes. Finally, one linear and two circular physical maps were formed, as shown in Fig. 4 . The order of Pme I-#7 and -#8 in region Swa I-#4 and the order of Swa I-#6 and -#7 in region Pme I-#1 were determined by other methods as follows. The physical maps were supported by analysis of junction fragments that can bridge neighboring fragments. These junction fragments are short DNA segments containing Swa I cutting sites on their two ends cloned in a plasmid pUCS19 as shown in the Materials and Methods section. We obtained 7 different Swa I segments, which were called Swa I-A to -G. Southern hybridization experiments were performed using six cloned junction segments as probes. The results in Table 2 showed that the Swa I-D probe 
Fragment numbers correspond to those in Table 1 .
indicates linkage between Swa I-#1 and -#6, and the Swa I-E probe indicates linkage between Swa I-#5 and -#7. Thus, these data fixed the fragment order Swa I-#1, -#6, -#7, and -#5 in the Pme I-#1 region. The ordering results obtained by using the other four junction fragments also support the linkages of DNA fragments in the physical maps. The remaining Swa I segment clone contained fragment Swa I-#11, 3,178 bp in size, derived from pTi-SAKURA. The order of Pme I-#7 and -#8 in the Swa I-#4 region was determined by a partial digestion experiment as shown in Fig. 3 . Intact total DNA in agarose was completely digested with Swa I but partially digested with Pme I. The resulting DNA fragments were separated by PFGE and then transferred onto a membrane. The membrane was analyzed by hybridization against a probe of the Swa I-#4 side of a Swa I-EcoRI fragment of the junction clone Swa I-C. Complete digestion by Swa I (Fig. 3, lane 5 ) indicated a signal on Swa I-#4 fragment, 560 kbp in size. Complete digestion by Swa I and Pme I (Fig. 3, lane 1) indicated a signal on Pme I + Swa I-#8, 310 kbp in size. Swa I complete digestion but Pme I partial digestion (Fig. 3, lanes 2 to 4) showed a weak signal at an intermediate position, 370 kbp in size. The size differences by 60 kbp shows that Pme I + Swa I-#8, located at the right region of Pme I-#3 and at the left region of Swa I-#4, is adjacent to the 60-kbp fragment Pme I + Swa I-#14 (Pme I-#8). Hence, Pme I-#3 is adjacent to Pme I-#8. 3.4. Mapping of rDNA and chromosomal virulence genes Since accurate physical maps were already constructed, hybridization experiments using PFGE and Southern blots were conducted for mapping rDNA and chromosomal virulence genes. A 1.5-kbp fragment of the 16S rDNA fragment was amplified by PCR 38 ; when used for Southern experiments as a probe, this fragment showed signals on both linear and circular DNAs (Fig. 2D) as in A. tumefaciens C58. 13 The signals were detected on one region of the linear chromosomal DNA and two regions of the circular chromosomal DNA (Table 2 and Fig. 4 ). This indicates that the linear DNA constitutes a linear chromosome harboring one rDNA locus and the large circular DNA constitutes a circular chromosome possessing two rDNA loci.
Thus far, chromosomal virulence (chv) genes and genes affecting virulence have been isolated from several different strains. Only a few of them were assigned on the cir- cular chromosome, while other genes were attributed to a fraction of genomic DNA containing chromosomal DNA. Therefore, we tried to map 12 genes. We prepared segments of chv genes by PCR amplification using genomic DNA as a template. These amplified DNA fragments as well as chvA and chvB genes cloned from C58 strain 19 and acvB gene isolated from A208 strain 39, 40 were as the hybridization probes. As summarized in Table 2 , the Southern hybridization experiments (see Fig. 2E for example) showed that all examined genes are assigned onto either the circular chromosome or the linear chromosome. Ten genes (acvB, miaA, chvD, chvE, chvA, chvB, chvG, chvH, chvI, and ros) were found on four different regions of the circular chromosome, while the glgP and pgm (exoC) genes were found on the linear chromosome. Interestingly, 9 out of the 12 genes were found in the regions containing rDNA. acvB, miaA, chvD, chvE and chvH were located in a region harboring rDNA (rrnB), while chvG and chvI were found in another region containing rDNA (rrnC) on the circular chromosome. Similarly, glgP and pgm were located on the fragment containing rDNA (rrnA) on the linear chromosome.
3.5. Terminal fragments of the linear chromosomal DNA In Streptomyces, both ends of the linear chromosomal DNA and plasmid DNAs contain long terminal repeats. [8] [9] [10] There has been no information about the two end regions of the Agrobacterial linear chromosomal DNA. We examined whether the two end regions of the Agrobacterial DNA harbor long terminal repeats by hybridization experiments.
Swa I-#10 and Pme I-#4 contain the left end part of Table 3 . Fluorescence of ethidium bromide-stained Pme I and Swa I fragments. the linear chromosome, while Pme I-#7 and Swa I-#4 contain the right end part (Fig. 4A ). As shown in Fig. 2B , a left end fragment probe made of Swa I-#10 gave strong signals on the left end fragments Swa I-#10 and Pme I-#4, but neither on the right end fragments Pme I-#7 nor Swa I-#4. Similarly, a right end fragment probe made of Pme I-#7 gave a signal on neither of the left end fragments Swa I-#10 or Pme I-#4, though the right end fragments Pme I-#7 and Swa I-#4 were clearly detected by the probe. Thus, we could not detect cross hybridization between the two end regions at the high stringency condition in this study.
3.6. Copy number of linear and circular chromosomal DNA and Ti plasmid For the first time in Agrobacterial research, we made an examination on the copy number of two chromosomal DNAs and Ti plasmid DNA. We compared DNA contents in several macro-restriction fragments by quantitative image analysis of ethidium bromide-stained gels. As shown in Table 3 , DNA fragments derived from Ti, the linear, and circular chromosomal DNAs emitted fluorescence proportionally to their sizes, but independently on their origins. Fluorescent signal intensity of each DNA fragment was measured and the value was divided by its fragment size. The resulting data showed that the signal intensity values were approximately equal among pTi-SAKURA DNA fragments (Pme I-#6 and Swa I-#9), the linear chromosomal DNA fragments (Pme I-#4, -#5, -#7, Swa I-#10) and circular chromosomal DNA fragments (Swa I-#7 and -#8). These results indicate that the copy number ratio of the three genomic DNA molecules is maintained at 1 : 1 : 1.
Discussion
Since A. tumefaciens is a unique bacterium able to introduce genes into dicot plants, much attention has been focused on the genes responsible for the infection and transformation processes. Just as the pathogenicity genes in animal pathogens form islands (see Ref. 41 for a review), vir loci form a large gene cluster on Ti plasmids. The vir genes are directly involved in the T-DNA transfer under the regulation of virA and virG genes. On the contrary, the functions of chv genes and related genes are various, ranging from sensing environments, 30, 42, 43 gene expression, 33 20 Another mutation ros, which affects virulence, was also located genetically on a circular genomic map. 21 However, the genetic maps have not been revised to create a map common among laboratories, probably due to the labor and time needed to carry out genetic mapping.
Allardet-Servent et al. showed that chvA and chvB exist on a fragment of circular chromosome. 13 Information about the genomic location of chv and related genes was still limited, even though these genes have been isolated and their nucleotide sequences are available. They are easily mapped via Southern hybridization, if physical maps are available. Goodner et al. first constructed tentative physical maps, to which many auxotrophic genes were assigned by using a mini-Tn5 derivative. 15 In their analysis of genomes in strain A348 (the same line as strain C58), two macro-restriction enzymes Pac I and Swa I were used. Unfortunately, their tentative maps are missing several fragments and a double-digestion experiment was not conducted. In this study, a new buffer Sw/Pm was devised to do Pme I plus Swa I double digestion. Construction of accurate physical maps and subsequent assignment of chv genes on the maps were made possible by the double digestion experiments. Moreover, since the Ti plasmid in MAFF301001 strain was sequenced completely, 16 having known cutting sites for Pme I and Swa I enzymes and fragment sizes made it easier to construct chromosomal physical maps and made it possible to examine the copy number ratio of Ti, the linear, and circular chromosomal DNAs, because linearization of DNA molecules was prerequisite to estimate DNA amounts in gels by ethidium bromide staining. The present result indicated that the ratio of copy numbers is 1 : 1 : 1. Therefore, we concluded that there must be some regulatory mechanism to maintain the copy number ratio in A. tumefaciens.
Reliability of the genetic map in this study was certified by the following data. chvA and chvB genes, which are only 4 kbp apart, 19 were located on a same region, while chvI and chvG, which are very close to each other, 30 were also mapped to the same region of the circular chromosome. Similarly, glgP and pgm, which belong to a same operon, were localized to the same region on the linear chromosome. Furthermore, the data of BAC linking library (manuscript under submission) supports the reliability of the physical map for the linear chromosome.
Every chv gene and related gene, except glgP and pgm, were found on the circular chromosome. The ratio of the number of chv and related genes on the circular chromosome compared to that on the linear chromosome is much higher than the ratio of DNA lengths. This extreme asymmetry is consistent with the mapping data of auxotrophic genes shown by Goodner et al. 15 Among 43 auxotrophic genes examined, 37 genes were mapped on the circular chromosome while 6 genes were mapped on the linear chromosome. Both chv and auxotrophic genes were isolated through mutant huntings. The asymmetrical gene distribution at least indicates that genes that can lead to phenotypically distinguishable mutation are present predominantly on the circular chromosome. This raises the question of what types of genes exist on the linear chromosome. The probability of gene duplication with nearly homologous regions between the two chromosomes is limited, because homology was barely detected between the linear and circular chromosomal DNAs. Among the 12 chromosomal virulence genes examined in this study, only 2 genes were mapped on the linear chromosome (2000 kbp in length). In the circular chromosome, only one gene ros was localized in the Pme I-#1 region (1600 kbp), while 9 genes were assigned to another region (Pme I-#2, 1200 kbp). As Pan et al. found the Ti plasmid gene virJ, 48, 49 which encodes a protein similar in amino acid sequence as well as in function with that encoded by a chromosomal gene acvB, 39, 40 it remains suggestive that genes with lower sequence similarity exist duplicated between the linear chromosome and Pme I-#1 region on the circular chromosome.
In the circular chromosome, the fragment harboring rrnB contain the largest number of chv genes; acvB, chvD, chvE, chvH, and miaA genes. We should examine further whether they form a large cluster of chv and related genes like the vir cluster on Ti plasmids or they are scattered over the 580-kb fragment.
The linear genome inevitably requires special structures for replication of two extreme ends.
In Streptomyces, there are large inverted repeats on the two end regions. [8] [9] [10] In Borrelia burgdorferi, the DNA ends form a hairpin structure. The repeats between the two end sequences are very short in Borrelia. 11, 12 Southern hybridization experiments in this study failed to detect homology between DNA fragments harboring the end regions. This is entirely different from the presence of large repeats on chromosomal ends in Streptomyces. In other words, this suggests either the presence of sequences that have limited similarity, like those in Borrelia, or no similarity at all. Analysis of the extreme end regions based on the physical map is now in progress in our laboratory.
The linear chromosomal DNA showed peculiar electrophoretic behavior at different pulse times in PFGE. At pulse time of 70 sec or shorter, the linear chromosomal DNA migrated faster than several shorter DNA of the molecular size marker DNA and fragments of chromosomal DNAs. This phenomenon may reflect some ultrastructure of the molecule, though the exact mechanism remains unknown.
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